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Abstract. A novel method has been examined for monitoring tropospheric hydroxyl radicals (OH),
the most important oxidant in tropospheric chemistry. Aqueous phase salicylic acid reacts with atmo-
spheric OH to produce 2,5-dihydroxy benzoic acid (2,5-DHBA) and other products. High Performance
Liquid Chromatography (HPLC) is used to separate the post-reaction solution and the products are
quantified using fluorescence detection. Unlike other methods, it has been reported to be inexpensive,
portable and relatively simple. Although the sensitivity was sufficient to measure typical daytime
OH concentrations of 0.04--0.4 ppt., the method was hindered by numerous interferences. Successive
identification and elimination of these still resulted in a signal that was much larger than expected.
Tests showed that this was not likely to be due to ozone, H02, NOx, H20 2, aerosols, light or bacteria.
Experimental and numerical studies suggest that the interference could be due to methyl peroxy rad-
icals. The effect of many other components in the atmosphere, both individual and combined, must
also be tested before the method can be used reliably in the field. The validity of previous reports of
ambient hydroxyl measurements using this technique is therefore brought into question.
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1. Introduction
The hydroxyl radical, although crucial in tropospheric oxidation processes, has very
low atmospheric concentrations (~O.04 ppt, 106 molecules cm-3). Tropospheric
OH is produced primarily by the photolysis of ozone injected from the stratosphere
or formed photochemically via processes involving NOx and hydrocarbons. During
low light conditions when ozone photolysis is minimal, the oxidation of alkenes by
ozone (Fenske et aI., 2000 and references therein) and the photolysis of nitrous acid
(Harris et aI., 1982; Schiller et al., 2001) may also become significant HOx sources
in the polluted troposphere. The hydroxyl radical reacts rapidly with a vast number
of atmospheric species resulting in OH having a very short lifetime (0.2 to 1 sec)
and therefore highly localised concentrations, both spatially and temporally.
There are currently five reported methods with high selectivity and sensitivity
required for measurement of OH at atmospheric concentrations. Fluorescence As-
say by Gas Expansion, FAGE, and Differential Optical Absorption Spectroscopy,
DOAS, are optical methods that provide virtually instantaneous hydroxyl radical
concentrations (Hard et al., 1984; Brune et al., 1995; Crosley, 1995; Dom and
Hofzumahaus, 2000, and references therein). These systems are, however, very ex-
pensive and relatively cumbersome compared with indirect chemical tracer meth-
ods. Chem-ionisation mass spectrometry (Cl-MS) (Eisele and Tanner, 1991, Eisele,
1995), the radiocarbon method (Felton et al., 1990, Campbell et al., 1995) and sal-
icylic acid method (Chen and Mopper, 2000, Ren et aI., 2000) are chemical tracer
methods that involve the conversion of OH into a more easily measured species.
These generally involve the reaction of OH with some species for a time period that
is long enough to produce a significant build-up or depletion of a tracer compound.
The monitoring time is, therefore, long compared to the lifetime of OH, 't"OH, ex-
cept for Cl-MS that uses chemical reactions that are fast relative to 't"OH (Eisele and
Tanner, 1991).
The measurement of aqueous OH concentrations using salicylic acid as a tracer
in biological systems is well established (e.g. Grootveld and Halliwell, 1986; Das
et al., 1991; Blandini et al., 1999; McCabe et al., 1997; Owen et al. 1996 and
references therein). Application of this method to atmospheric gas phase OH, how-
ever, is relatively new and has been studied at Washington State University, (Chen,
1995; Chen and Mopper, 2000), Peking University (Ren et al., 2000, 2001,2002),
the Max-Planck-lnstitiit, Mainz (E. Oberlander, private communication) and York
University, Toronto (this work).
The chemical reaction central to the salicylic acid method is shown in Figure 1.
It is generally accepted that the mechanism occurs via a hydroxycyclohexadienyl
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Figure 1. Oxidation mechanism of salicylic acid.
radical intermediate (Lang et aI., 1996). Due to ring activation, the positions ortho-
and para- to the hydroxy substituent are much more readily oxidised than the meta
isomer (Buxton et al., 1986). Following hydroxylation, dissolved oxygen abstracts
hydrogen from the intermediate releasing HOz and a range of oxidation products.
Among these, 2,5-dihydroxy benzoic acid (2,5-DHBA), 2,3-dihydroxy benzoic
acid (2,3-DHBA) and catechol are produced in the highest yield and are therefore
used as tracers for OH. Since 2,5-DHBA is a known product during the micro-
bial metabolism of salicylic acid, the biological research community prefers the
monitoring of the 2,3-DHBA isomer (Halliwell et aI., 1991; Ingelman-Sundberg
etal., 1991; Dupont et al., 1999, Strolin-Benedetti, 1999). However, the 2,5-DHBA
exhibits a considerably stronger fluorescence than the 2,3-DHBA and since micro-
bial metabolism can be minimised when monitoring atmospheric OH, it became
the species of choice for atmospheric OH measurements. Sampling is straightfor-
ward, with ambient air bubbled through a solution containing salicylic acid for
approximately 30 min. Salicylic acid and the reaction products are separated using
HPLC followed by fluorescence detection. The original gaseous hydroxyl radical
concentration is directly proportional to the concentration of 2,5-DHBA and can be
calculated using knowledge of the product yield and sampling efficiency. Prelimi-
nary investigations into this technique reported successful quantification of ambient
OH (Chen, 1995) and an impressive detection limit of 3-6 x 105 OH cm-3 with
an integration time of 45-90 min (Chen and Mopper, 2000).
The simplicity and sensitivity of the chemical tracer method involving 2,5-
DHBA makes it attractive for adaptation to routine air monitoring. Frequent mea-
surement of OH in parallel with the measurement of other atmospheric species at
a wide variety of locations could expand our understanding of processes occurring
in tropospheric chemistry. The aim of this research was to assess the viability of
the salicylic acid tracer method for monitoring atmospheric hydroxyl radicals.
2. Experimental
2.1. CHEMICALS, PREPARATION AND HANDLING
Research grade chemicals, including NaHzP04, NazHP04, salicylic acid (>98%
purity), 2,3- and 2,5- dihydroxy benzoic acids and KI were obtained from Sigma-
Aldrich (Milwaukee, WI, USA). Salicylic acid and 2,5-DHBA were required in
purities greater than could be purchased, so additional purification was necessary.
Recrystalisation was carried out at least twice under nitrogen and red-light condi-
tions. Once purified, crystalline salicylic acid and 2,5-DHBA were stored below
O°C under oxygen free conditions, thus maintaining their purity for about 1 year.
Salicylic acid and its oxidation products are light sensitive. This required that
all experiments were carried out under complete red-light conditions and reaction
chambers were designed to minimise the exposure of the solutions to light. This
was found to remove the light interference completely.
Among biology researchers, it is accepted that 2,5-DHBA is a less reliable
tracer for OH than the 2,3- isomer since it is an enzymatic metabolite of salicylic
acid (Halliwell et aI., 1991; Ingelman-Sundberg et aI., 1991; Dupont et al., 1999;
Strolin-Benedetti, 1999). 2,3-DHBA is therefore the tracer of choice for biological
applications since a micromolar detection limit is usually sufficient. For our appli-
cation, bacterial growth could be minimised by sparging the reaction solutions with
an inert gas to purge oxygen from the system and by refrigeration. This resulted in
stable solutions with no noticeable 2,5-DHBA production for weeks under storage
conditions.
With product concentrations in the picomolarregion, careful handling 'and prepa-
ration of glassware and solutions was essential. No metal was allowed in contact
with the salicylic acid or its oxidation products. Before and after sampling, solu-
tions were kept under oxygen free conditions and if not immediately in use, stored
between O°C and 4°C. Sonication to aid dissolution was found to exacerbate oxida-
tion of salicylic acid in-situ and thus avoided. Reactive oxygen is probably formed
during sonolysis (Weavers et al., 1998; Blandini et al., 1999). The extraction pro-
cess employed by Ren et al. (2000) for dissolving reacted salicylic acid from an
impregnated filter utilised sonication and thus may have produced some of the
2,5-DHBA detected in the extracted solution.
2.2. SAMPLING AND ANALYSIS
A sampling solution consisting of 9 x 10-6 M salicylic acid in 50 mM phosphate
buffer at pH 4.6 was used to scrub gas phase OH. Ambient air was drawn through
a reaction vessel containing the salicylic acid solution for approximately 30 min,
quantitatively removing OH from the air stream. The reaction vessel was designed
to maximise the scrubbing efficiency and to minimise loss of OH on inlets and
walls prior to reaction. Moreover, the chamber needed to be easy to clean and allow
direct access to the solution for sparging and solution extraction. The resultant
vessel design, shown in Figure 2, was able to address all of the above concerns and
minimise sampling of species less soluble than OH. The 'aerosol pipe' shown in
this diagram is discussed later.
Sampling of ambient air in the absence of OH is critical for examining interfer-
ences. Blanks were sampled by utilising the high wall loss rate for OH to remove
it from the sample air stream. Since there is little quantitative information about
the wall loss rate of OH on l/i' Teflon tubing at ambient pressure, the value for
H02, 2.8 S-1 (Mihele et al., 1999), was used as a lower limit. A 4 m x 0.625 cm
OD teflon tube was added to the sample inlet, with the tube length chosen to be
sufficient to remove all H02 and OH. The long inlet should only minimally perturb
less reactive species, such as ozone.
The analytical configuration used for HPLC analysis incorporated parallel anal-
ysis of two samples, allowing for rapid air and blank analysis. A 90: 10 filtered
phosphate buffer (pH 6, 50 mM): methanol (HPLC grade, Caledon Laboratories,
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Figure 2. Aqueous phase scrubber for quantitative OH collection. An 'aerosol pipe' designed to
prevent particles being sampled through the reaction solution is included, which flows through
the pipe approximately 80 Ls-1 while the sampling flow was ~ 9 Lmin-1•
Georgetown, ON, Canada) eluent was delivered through two parallel solvent deliv-
ery systems (Varian Star 9010, and Waters 510) coupled with reverse phase C-18
pre- and post-analytical columns (Chromatography Sciences Co., Montreal, QC,
Canada). Automated injection using a 100 fLL sample loop and column switching
was achieved using Rheodyne Lab-pro 6-port and lO-port electric actuated valves
and a Valco VICI electric actuated 6-port valve. A broad-band CMA/280 detec-
tor and a tunable Jasco FP-nO fluorescence detector were coupled with BORWIN
software for data acquisition and analysis. The Jasco FP-nO was optimised for 2,5-
DHBA at excitation and emission wavelengths of 314 and 439 nm, respectively.
The sensitivity of this analytical technique is illustrated in Figure 3 which shows a
signal from 6.4 x 10-10 M 2,5-DHBA, corresponding to approximately 1.0 x 107
OH cm-3 for our sampling conditions.
Calibration curves determined from standard solutions of salicylic acid, 2,3-
and 2,5-DHBA remained linear across the complete detection range of both detec-
tors used. For 30 2,5-DHBA calibration curves obtained between March 1999 and
January 2001, the mean correlation coefficient, R 2 > 0.999 and mean percentage
error < 4%. The instrumental detection limit (S IN = 3) was 45 pM, an order of
magnitude lower than previous reports (e.g. Coudray et aI., 1995; Diez et aI., 2001;
Jen et al., 1998; McCabe et aI., 1997; Ren et al., 2001; Tsai et aI., 1999; Yoshimura
et aI., 1989) with the exception of Chen and Mopper (2000). This detection limit
corresponds to OH concentrations of 9 x 105 OH cm-3 for a 30 min sampling pe-
riod at 10 slm. This was similar to the detection limit determined from the standard
deviation of the blank.
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Figure 3. Chromatogram illustrating the sensitivity towards 2,5-DHBA during the SONTAS
campaign, June 2000. Signal is equivalent to 1 x 107 molecules cm-3 of OH.
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Ambient OH concentrations (molecules cm-3) are calculated from the 2,5-
DHBA concentration (moles L-I) by using equation E2 in which Vr (L) is the
post-reaction volume of salicylic acid, F (slm) is the air flow rate through the sam-
pler, t is the sampling time in minutes and B is the branching ratio, or product yield,
of 2,5-DHBA at the sampling pH discussed further in Section 3.2.
[OH] _ _[2_,5_-_D_H_B_A_]_Vf_N_A
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Due to the evaporation of water during sampling and post-reaction sparging, the
sample volume typically reduces to 2-3 ml from an initial volume of 4 m!. Since
the final volume is critical in determining the concentration, the final volume must
be accurately determined prior to HPLC analysis. Since less than 0.1 % of salicylic
acid is oxidised during the reaction, any change in the concentration of salicylic acid
measured is due to the change in the volume. Therefore the post reaction solution
volume, Vr, can be calculated using E3 in which [SAL]i and [SAL]r, the initial and
final concentrations of salicylic acid, are determined by HPLC and fluorescence
detection and Vi is the initial sample volume. This has the added advantage of
minimising additional handling errors and possibilities for contamination that may
occur if the final volume was measured rather than calculated.
Vr = Vi *([SAL]d[SAL]r)
2.3. LABORATORY OH SOURCES
(E3)
Initial laboratory tests required a synthetic source ofgaseous OH. Hydroxyl radicals
were produced via simultaneous photolysis of water vapour and oxygen at 185 nm
to produce OH, H02 and ozone (Schultz et al., 1995). A constant flow of humidified
synthetic air was passed through a 60 cm long, 2.7 cm diameter quartz flow tube and
irradiated at 184.9 nm with a Pen-Ray IISC-2 mercury lamp (UVP Inc., Upland,
CA). The total flow rate was 13-15 Lmin- 1 and water mixing ratios ranged from
6 x 10-5 to 1.0 X 10-3• The OH concentration was calculated using the knowledge
of the concentrations and absorption cross sections of water and ozone as discussed
in detail elsewhere (Schultz et al., 1995; Creasey et al., 2000; Lanzendorf et al.,
1997; Hofzumahaus etal., 1997).
[OH] = 1 [03] [H2o] CJ'185nm(H20 ) (E4)
2 [02] CJ'185nm(02)
Oxygen mixing ratios in the gas flow were calculated while water and 0 3 con-
centrations were measured using an EG&G Model 911 'Dew All' Digital Humidity
Analyser and a Thermo-Environmental Instruments ozone analyser, respectively.
Determination of the branching ratio for the production of 2,5-DHBA in the
reaction of OH with salicylic acid required the use of a liquid phase OH source.
Liquid phase OH was produced by the photolysis ofH20 2 in solution. An apparatus
was designed containing a 3 mm thick IR-grade fused silica window situated be-
tween a Pen-Ray IISC-2 mercury lamp (UVP Inc., Upland, CA) and quartz cuvette
(McCarthy, UK) containing the aerated reaction solution. This allowed light at 254
nm to photolyse H202 while blocking the 184.9 nm line which photolysis water. In
order to avoid ozone production, the apparatus was flushed with nitrogen.
3. Results and Discussion
3.1. LINEAR RESPONSE TO GAS PHASE OH
The response of the instrument to gas phase [OH] was determined over a range of
water vapor concentrations. Due to a potential interference from ozone, which is
also produced in the gas phase OH source, KI was added to the reaction solution as
a chemical scrubber. Further, to minimise 0 3 production, only enough oxygen (0.5-
5%) was present in the gas flow to facilitate H-abstraction from the cyclohexadienyl
intermediate (and thus production of2,5-DHBA). Under these conditions, accurate
quantification of [03] and therefore [OH] was hindered, but the [OH] produced
remains proportional to the [H20] in the source. These experiments confirmed that
the technique produced a signal that was proportional to OH (Figure 4).
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Figure 4. The variation of 'measured OH' with water vapour concentration in the gas phase
calibration system (R 2 = 0.93). The magnitude ofthe mean ozone signal for a given experiment
is set as the background value.
3.2. YIELD OF 2,5-DHBA
Knowledge of the branching ratio for 2,5-DHBA production following hydroxyla-
tion of salicylic acid is crucial for determination of hydroxyl concentrations (E2).
A solution of "'2.6 x 10-4 M H20 2 (Aldrich Chemical Co., Milwaukee, WI) and
3 x 10-7 M salicylic acid was prepared in 50 mM phosphate/phosphoric acid buffer
at the required pH. The sample was photolysed and the production of 2,5-DHBA
monitored as a function of the pH. Since the yield of 2,5-DHBA decreases consid-
erably with pH, photolysis times ranged from 45 min at pH 6 to 170 min at pH 2.5.
Experiments confirmed that the loss of salicylic acid was proportional to photolysis
time.
The branching ratio, or product yield, B, was calculated as the ratio of DHBA
produced to salicylic acid lost (E5).
B = [DHBA] Jproduced = [DHBA] Jproduced
[total x products] [Salicylic x Acid]reacled (E5)
The product yield of 2,3- and 2,5-DHBA at pH 6 remained constant over a
range of photolysis times indicating that these products were not being further
photolysed. Long photolysis times were required to decrease the uncertainty in the
quantification of salicylic acid change, and only losses of greater than 4% were
used. Figure 5 shows the effect of pH on 2,3- and 2,5-DHBA yield. The yield of
2,5-DHBA was found to increase with pH to a maximum of 30% at pH values
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Figure 5. 2,5- and 2,3-DHBA aqueous phase yield as a function of pH and the corresponding
percentage of salicylate ion in solution. Results from experiments carried out in 1998 and 2000
are marked separately.
above 4.5. This correlates with the degree of dissociation of salicylic acid, also
shown in Figure 5. On the other hand, the 2,3-DHBA yields increased with acidity.
These results are consistent with Lang et al. (1996) who stated, "the effect ofpH
onformation ofhydroxylation products is more profoundfor 2,5-DHB than for 2,3-
DHB." The change in isomer ratio, [2,3-DHBA]:[2,5-DHBAJ, and absolute yield
with pH is also consistent with trends observed by Jen et al. (1998) and Lang et al.
(1994, 1996) although a direct comparison is not possible due to differences in
experimental conditions.
The close correlation between 2,5-DHBA yield and the salicylate anion supports
the theory that hydroxylation occurs via a hydroxycyclohexadienyl radical interme-
diate. Deprotonation of the acid group activates the ring, thus encouraging attack
by OH radicals. Lang et al. (1996) found that the yield of 2,5-DHBA drops consid-
erably below pH 4 and suggested this is due to the lower reactivity of protonated
salicylic acid (pKa = 2.97). With increasing pH, the concentration of salicylate an-
ion increases thereby increasing the reactivity of the solution towards OH. It follows
that an alternative mechanism may therefore be responsible for the production of
2,3-DHBA, especially under acidic conditions. The work by Ren et al. (2001) uses
a 2,5-DHBA yield of23% at pH 3.5 (X. Ren, personal communication 2002), while
Gokoren and Tun~el (1997) reported that "33% ofsalicylate was changed into the
hydroxylated form" following irradiation of a salicylic acid-HzOz solution at pH
8.5. In contrast to these groups and our results, Chen (1995), Chen and Mopper
(2000) report a linear dependence of the 2,5-DHBAyields on pH, ranging between
about 25% at pH 3 to almost 100% at pH 7 in an aerated solution. This study is
the only study in claiming a 100% production of anyone product at any pH. The
present result for the yield of2,5-DHBA and its agreement with previously reported
values other than Chen and Mopper (2000) brings the latters' result of 100% yield
at pH = 7 into question.
3.3. INTERFERENCE INVESTIGATION
Using 2,5-DHBA as a tracer, Chen and Mopper (2000), Ren (2000) and E. Ober-
lander (private communication, 1998), all report ambient OH concentrations higher
than anticipated. Although the method has been the subject of a few preliminary in-
vestigations, no systematic laboratory study of potential atmospheric interferences
has previously been reported. Ambient air sampling was used for all method optimi-
sation experiments reported by Chen and Mopper (2000), with the exception of the
aqueous phase yield determination described above. The majority of experiments
were carried out at a polluted site. Given that the reported ambient measurements
were much higher than expected and that only limited interference tests were car-
ried out, we judged it to be important to test how the system reacts to various other
species that are present in air. Therefore, laboratory interference tests for ozone,
NO, N02, HONO, hydrogen peroxide, H02, PAN and R02 were carried out.
3.3.1. Ozone
Ozone is a strong oxidant and is typically found in the atmosphere at concentrations
that are 5-6 orders of magnitude larger than OH. Therefore, even a relatively low
reactivity towards salicylic acid could produce a large interference. Chen (1995)
reports that the interference due to ozone is negligible in clean air and can be sup-
pressed by addition of iodide in polluted air. However, our results indicated signif-
icant ozone interference even at relatively low concentrations of ozone « 40 ppb).
Aqueous ozone chemistry and its interactions with organic compounds have been
studied extensively in a variety of systems (e.g. Buehler etal., 1984; Gonzalez et aI.,
1997; Ko et aI., 2000; Magi et aI., 1997; Mokrini et al., 1997; Munoz etal., 2000,
2001; Spanggord et al., 2000; Staehlin and Hoigne, 1982; Staehlin et al., 1984;
Weavers et al., 1998). The complexity of aqueous phase ozonation is revealed by
decomposition rate laws that vary between '/2, 1st and 2nd order in ozone depending
on the initiation rate and water purity (Staehlin and Hoigne, 1985). It is, however,
generally accepted that ozone interacts with organic solutes via both direct reaction
and a radical chain process that ultimately produces OH.
To study the effect of ozone on the production of 2,5-DHBA, the gas phase
calibration source was used with air in the absence of water vapour. Only ozone
was produced and the magnitude of the interference was determined as femtomoles
of 2,5-DHBA produced per litre of air sampled. In the absence of interferences,
a gaseous concentration of 2 x 106 OH cm-3 would produce a 2,5-DHBA signal
equivalent to 1 fmole/Lair-
Figure 6 shows that the ozone interference is dependent on ozone concentration
in a nonlinear fashion up to ozone mixing ratios around 60 ppb and also depends on
salicylic acid concentration. At higher ozone mixing ratios, aqueous phase processes
probably limit the rate instead of mass transfer of ozone from the gas phase into
solution.
•
•
'"
100 120 140 160
•
•
'"
80
•
804020
'"~'" "'-"'--------,17 '" I. 42!1M salicylic acid I
'" 8.6 !1M salicylic acid
o
120
100
'.J 80
'"~ 80
.E
~ 40
:r:
0
J>
N 20
0
-20
ozone concentration I ppb
Figure 6. The interference due to ozone with gas phase ozone concentration at different salicylic
acid concentrations and constant sampling pH of 4.6.
The pH dependence of the 2,5-DHBA yield following reaction with ozone was
also investigated. These results, presented together with the 2,5-DHBA yield fol-
lowing reaction with OH are shown in Figure 7. Mokrini et al. (1997) proposed that
in neutral and basic solution, benzoic acid is oxidised by ozone via a free-radical
pathway but in acidic solution direct attack by molecular ozone predominates. A
sampling pH of4.6 was chosen for further studies since this reduces the interference
due to ozone while maintaining a high 2,5-DHBA yield following reaction with
OH.
Our experiments indicated an interference from typical ambient levels of ozone
that could be up to two orders of magnitude larger than the expected OH signal.
Chemical removal of solution phase ozone was therefore explored. An investigation
into the potential scrubbing ability of iodide, sulphite and nitrite ions found K1 to be
the most reliable and reproducible chemical ozone scrubber since it neither reacts
with salicylic acid or its oxidation products nor produce any chromatographic dif-
ficulties. Ozone dissolved in the reaction solution is scavenged by iodide according
to RI.
0 3 + 3r + 2H+ --+ O2 +13 + H20 (RI)
Figure 8 shows the removal of the direct ozone interference using KI. It can
be seen that the signal due to ozone decreases linearly with iodide concentration
until complete removal at 1-2 JLM 1-. At this point, although the signal due to
ozone alone has been removed, there is still a significant signal due to OH. The
magnitude of the ozone interference depends on mass transfer into solution as well
as aqueous phase reactions. The low iodide concentration required to remove the
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Figure 8. Effect of iodide concentration on the signal due to ozone and combined signal due to
OH and ozone. Experimental conditions: 10 IlM salicylic acid, 45 ppb ozone, 12 min sample
time. Inset is linear portion of the variation in ozone signal with KI.
ozone interference relative to the ambient concentration of ozone suggests that
only a very small fraction of gaseous ozone is actually destroyed in the sampler.
The concentration of gaseous ozone, aqueous phase iodide and salicylic acid will,
therefore, affect the magnitude of this signal. The decrease in ozone interference
with KI was therefore also determined at different concentrations of ozone and
salicylic acid with results suggesting that approximately 10 fLM KI is sufficient to
remove up to 80 ppb ozone in 42 fLM salicylic acid (for further details, see Salmon
2002).
Although the interference due to ozone decreased linearly with iodide concen-
tration, it can be seen in Figure 8 that the combined signal due to ozone and OH
first decreased rapidly at low iodide concentration and then remained approximately
constant. This suggests that there is an additional interference due to ozone that
occurs only when hydroxyl radicals are also present. Was this not the case, the
combined signal would be expected to decrease initially in parallel with the direct
ozone interference. At higher iodide concentrations, the combined signal may then
decrease slightly due to reaction between iodide and OH. The substantial loss of
net (03 + OH) signal on addition of low concentrations of iodide is indicative
of production of 2,5-DHBA by ozone that is initiated by hydroxyl radicals. This
(03+ OH) signal would not be detected by creating only 03 in the calibration sys-
tem. Results from experiments investigating the effect of ozone in salicylic acid in
the absence of radicals must therefore be treated with caution.
3.3.2. HONO, N03 NO and N02
The reactive odd nitrogen species (NO, N02, N03 and HONO) are present at
significant mixing ratios in the atmosphere and therefore their possible role in
2,5-DHBA production from salicylic acid was examined.
Testing these potential interferences involved the addition of large quantities of
N02 (l0 ppm) and NO (lOO ppb) individually, neither of which produced any 2,5-
DHBA. In addition, no signal was observed after sampling these high concentrations
of N02 in the presence of ozone suggesting that N03 does not oxidise salicylic
acid either. The addition of 10 fLM NaN02, to simulate the dissolution of HONO
in solution failed to produce an increase in 2,5-DHBA. To qualitatively simulate
possible HONO production and its subsequent photolysis within our blank inlet
line, I ppm of N02 in humidified air was irradiated using a visible light source.
No increase in the 2,5-DHBA was observed suggesting that neither HONO nor OH
from the photolysis of HONO in the tubing produced interferences.
3.3.3. H20 2 and Aerosols
Ambient concentrations of hydrogen peroxide are typically a few parts per billion
but have been measured as high as 40 ppb (Seinfeld and Pandis, 1998) and direct
oxidation of salicylic acid by H202 is possible. To simulate ambient conditions,
pure air was bubbled through a 3% H20 2 solution and sampled into 1 x 10-6
M salicylic acid solution for 12 min. The 17 ppb of H202 produced, high for an
expected ambient concentration, did not produce any 2,5-DHBA.
It is well known that iron can catalyse the reaction between salicylic acid and
hydrogen peroxide via the Fenton reaction. Aerosols with diameter above 2.5 /l-m
contain the majority of crustal matter, which can contain significant amounts of
iron. Aerosols could also promote interferences by providing a surface on which
reactions with or producing OH can occur (Cooper and Abbatt, 1996). It is not
viable to remove aerosols from the sampled air via a filter since this would almost
certainly perturb OH. A system was therefore developed that removed aerosols by
using their inherent inertia. Figure 2 illustrates the sampling design used, in which
air sampled by the reaction chamber is drawn at approximately 135 0 from the bulk
airflow. Idealised flow dynamics (Seinfeld and Pandis, 1998) predict that under our
sampling conditions, aerosols with diameters greater than 3 /l-m should be excluded
(Salmon, 2002). This system also ensures that no light reaches the sampler, which
was wrapped in black cloth inside the large pipe.
The possibility of iron entering the sampler was reduced, but could not be
eliminated. However, as an additional safeguard against peroxide activity, KT added
to the reaction solution will also catalytically destroy H202 (R2-R4).
H20 2+ r -+ 10- + H20
10- + H20 2 -+ 1- + O2+ H20
2H20 2 -+ 2H20 + 02
(R2)
(R3)
(R4)
3.3.4. H0210]
The hydroperoxyl radical, H02, found in the atmosphere in concentrations two
orders of magnitude higher than OH, may react directly with salicylic acid or as
O2 in an ozone initiated oxidation. The gas phase calibration system was used to
produce H02, OH and 03 and into this gas stream 100 ppm of CO was added in
order to convert all of the OH to H02. The addition of CO effectively removed the
2,5-DHBA signal, indicating that neither H02 nor O2 was interferences at pH 4.6.
A similar test by Ren et al. (2000) also concluded that H02 was not an interference.
Chen (1995) and Chen and Mopper (2000) mention the theoretical possibility of an
H02 interference but, like the ozone interference, make no mention of tests carried
out to quantify or characterise it.
3.3.5. PAN and CH1CO·02
Peroxyacetylnitrate, PAN, could also be a possible interference since it can ther-
mally dissociate to form the peroxyacetyl radical. PAN is not readily photolysed
in the troposphere, has a low solubility and its stability is strongly temperature
dependent resulting in a highly variable ambient concentration from < 2 ppt to
100 ppt or more (Seinfeld and Pandis, 1998). PAN was synthesised under labora-
tory conditions and sampled through salicylic acid to determine its potential as an
interference.
Peroxyacetyl radicals and PAN were made in the laboratory from the photol-
ysis of acetone in the presence of oxygen and subsequent reaction with N02 as
implemented by Meyrahn et al. (1987). Acetone was carried into a l-L glass bulb
by a stream of nitrogen at approximately 12 Lmin- 1. A Pen-Ray IISC-2 mercury
lamp (UVP Inc., Upland, CA) was mounted inside the bulb, as close to the centre
as possible. Synthetic air, necessary for salicylic acid to be oxidised to 2,5-DHBA,
was introduced into the system either before or after the photolysis region. Ifair was
present in the bulb, the acetone photolysis products quickly reacted with oxygen
to produce CH30 2 and CH3CO.02 radicals. After leaving the bulb, the reaction
mixture travelled down a coiled teflon tube before being sampled by salicylic acid.
PAN was created if N02 was added to CH3CO.02 radicals after they left the bulb.
CH3C(0)CH3+ hv ~ CH3C(0) + CH3
CH3C(0) + 02 + M ~ CH3C(0)02 + M
CH3 + 02 ~ CH302
CH3C(0)02 + N02+ M == CH3C(0)02.N02 + M
(R5)
(R6)
(R7)
(R8)
The results from this experiment are shown in Table 1. Without photolysis only
a small 2,5-DHBA signal was produced. When photolysis in the bulb occurred
without acetone, ozone was produced resulting in a slightly higher signal, which
was minimised by the addition ofK1. Acetone photolysed in the presence ofoxygen,
produced CH3C(0)02 and CH30 2radicals that resulted in a large 2,5-DHBA signal.
The addition of N02 downstream of the photolysis bulb, resulted in a significant
reduction of this signal. This suggests that although PAN itself does not oxidise
salicylic acid, peroxy radicals could. These results could also be explained by the
production of OH via R9 that has been recently reported by Blitz et at. (2002).
CH3C(0)0; + M ~ HCHO + CO + OH
3.3.6. CH30 2
(R9)
The above experiment indicated that an interference from methyl peroxy radicals
(CH302), peroxyacetyl radicals (CH3C(0)02), or both, was probable although the
occurrence of R9 could also explain the generation of a signal. CH30 2 has an
ambient concentration around 108 molecules cm-3 and so could present a serious
interference.
The signal from CH302 was investigated by replacing acetone with acetaldehyde
or methyl iodide which both photolyse to produce methyl, but not acetyl, radicals
at 254 nm. CH30 2 is therefore the only peroxy radical produced in either system
- ----- -- --------------
and the risk of OH production following R9 is removed. NO at 0.8 ppm could be
added downstream of the bulb to remove this CH30 2.
A chromatographic interference during this experiment resulted in poor inte-
gration of the 2,5-DHBA peaks. The minimum and maximum peak areas were
determined for a given experimental condition to represent the range of error in
the integration (n = 8-10). Although there is a large error associated with these
results, a significant amount of qualitative information can still be obtained.
A background signal was obtained by photolysing the organic reactant in nitro-
gen with air being added downstream of the bulb to facilitate 2,5-DHBA production.
The results are presented in Table IT in the column labelled 'background signal.'
When air is added to the flow of organic reactant prior to the photolysis region
CH302 should be produced. These results are shown in Table IT under the column
labelled 'CH30 2 radicals produced.' The addition of NO to this system after the
bulb should reduce the CH302 to CH30 via RIO, which may further react to pro-
duce CH30NO or other products. These results are summarised in Table IT under
the column titled 'CH302 radicals removed.'
CH302 + NO ~ CH30 + N02
Table I. Mean 2,5-DHBA signal for different experimental conditions dur-
ing synthesis of CH3CO·02 and PAN
(RIO)
Conditions
Acetone
Acetone and N02
O2
O2 + N02
Acetone + O2
Acetone + O2 + 5 ppm N02
DV Lamp status
Off
Off
On
On
On
On
Mean 2,5-DHBA
signallfmoles L~:
0.57
2.46
5.04
3.99
110.21
13.91
Table II. Mean 2,5-DHBA signal for different experimental conditions during synthesis of
CH3C02 . A blank was determined by addition of O2 after the bulb. See text for further
explanation
Mean 2,5-DHBA signallfmoles L~:
Background CH30 2 CH30 2
Substrate Integration used signal radicals produced radicals removed
Methyl iodide max 22 258 ID
min 11 130 9.9
Acetaldehyde max 12 264 34
min 3.8 146 17
Acetone min 21 109 38
A large increase in the produced 2,5-DHBA in the presence of CH30 Zradicals
suggests that CH30Z reacts with salicylic acid to produce 2,5-DHBA. Since the
radicals were produced at high concentration and in the presence of UV light
and oxygen, a range of secondary species could have also been produced in this
experiment that could oxidise salicylic acid. Peroxides produced from the CH30Z
self-reaction for instance and OH, produced from ozone and HOz and other ways
were a primary concern. A simulation of the experiment was therefore carried out
using FACSIMILE software (Curtis and Sweetenham, 1987) to determine which
other oxidants might be present. The model included relevant photolysis rates, gas
phase reactions and physical loss processes (Ross et al., 1992; Westley et aI., 1994).
These results showed minimal production of OH (....., 2 X 104 OH cm-3), indicating
the enhanced signal could not have been due to OH. CH30 Zradicals were the only
oxidant present in appreciable concentrations under our simulated experimental
conditions and were therefore the likely oxidising species. (Salmon, 2002).
The quantitative oxidative effect of CH30Z radicals was investigated by com-
paring experimental results with those from the simulation. The range associated
with the result was high due to the uncertainty in estimating the photolysis rates
inside the l-L bulb in the simulation and in chromatographical difficulties.
A detailed discussion of the simulation and comparison with experimental
results can be found elsewhere (Salmon, 2002) but consideration of the upper and
lower limits from the experiment and simulation suggest that the interference due
to methylperoxy radicals could range from 6 to 2300 CH30 Zradicals sampled per
molecule of 2,5-DHBA produced. The results from acetone photolysis are not in-
cluded here due to the chromatographic difficulty alluded to above. Using a central
estimate of the photolysis rates results in an estimate of magnitude of the interfer-
ence due to methylperoxy radicals of 9-900 CH30Z radicals sampled per molecule
of 2,5-DHBA produced. At typical ambient concentrations of 5 x 108 CH30 Z
cm-3,6 x 105 to 6 X 107 2,5-DHBA molecules would be produced per cubic cen-
timetre of air sampled. This signal would correspond to OH concentrations ranging
from 2 x 106 to 2 X 108 molecules cm-3and thus an interference of 200-20000%.
Results from our ambient measurements further suggest evidence of such an
interference. As before, a blank was determined by sampling through a teflon tube
so that OH radicals would be lost to the walls. The wall loss rate for OH is faster than
that for HOz and CH30 Z, which have wall loss rate constants of2.8 S-1 and 0.8 S-I,
respectively (Mihele et al., 1999). Under our sampling conditions all OH and HOz
radicals should be lost to the walls whereas only .....,32% of CH30Z radicals should
be lost. High blank samples were often observed, and some blank values were even
larger than the 'sample' values. The blank signals observed in the field could be
explained by an interference from peroxy radicals. Although this conclusion is only
semiquantitative, it does indicate that methylperoxy radicals produce a significant
interference in measurements on ambient air.
One possible mechanism for this interference is shown as Rl1. Although this
reaction is exothermic in the gas phase, the activation energy required to form
the intennediates hinders its progression under atmospheric conditions (Zhu et al.,
2(01). Aqueous phase interactions may however alterthe energetics of the reaction.
A number of complexes are fonned between fonnaldehyde and water due to strong
hydrogen bonding (Kumpfand Damewood, 1989; Tsuzuki et al., 1999; Turner etal.,
2000; Chandra et al., 2000). Computations carried out by G. Koyanagi (private
communication) showed that the transition state and final product enthalpies are
reduced if solvation effects are taken into consideration. Although there would
still be a significant activation barrier, the increased exothennicity and decreased
activation barrier due to solvation should make Rll more probable in the aqueous
phase than the gas phase (G. Koyanagi, private communication, 2002). A proportion
of CH3O2radicals could therefore decompose in the aqueous phase to produce OH
which would react with salicylic acid to produce the interfering signal observed in
both ambient and laboratory experiments.
r
H ]*H H .H H / 0f-H - o"\XH- o\_l -)l +OH
•0-0 (aq) \H H H (aq)
R11
Our semi-quantitative investigations strongly suggest that CH30 2 oxidises sal-
icylic acid such that ambient concentrations mask the signal due to atmospheric
OH, thus explaining the unexpectedly high signals reported in this work and by
Chen 1995, Chen and Mopper, 2000, Ren et al. (2000, 2(02) and the Max-Planck-
Institiit, Mainz (E. Oberlander, private communication, 1999). Discovery of the
reaction with CH302 also suggests that there are many atmospheric species, and
combination of species, which would have to be tested to support results on OH
mixing ratios obtained using this technique.
3.4. FURTHER AMBIENT AIR TESTING
In addition to tests at York University, Toronto, the method was further field tested
during the Southern Ontario Aerosol Study (SONTAS) in July 2000. Sampling
occurred at a relatively clean air site situated 8 km north of Lake Erie and 60 km
upwind (SW) of Hamilton. On July 7th, a clear, sunny day with little cloud cover or
pollution, twelve 35-min runs were carried out between 10:41 and 19:40 local time.
Table III shows experimental results from this day. Each sample or blank solution
was analysed twice and the mean values were presented. The 2,5-DHBA signals
obtained both in the absence and presence of OH were about 5 to 10 times larger
than previously measured ambient OH concentration (~5 x 106 OH cm-3).
The signal was removed if air was drawn through a solid KI scrubber prior
to the reaction chamber demonstrating that the interference was not an artefact
Table 1II. Ambient measurements obtained during SONTAS, 7 July 2000
Local time
10:58
11:43
12:27
13:16
14:01
14:48
15:34
16:19
17:02
17:49
18:33
19:22
Sample measurement apparent
OH/1O? molecules cm-3
2.64
2.81
5.71
3.39
4.36
6.41
2.40
1.89
3.33
Blank measurement apparent
OH/lO? molecules cm-3
3.96
5.75
5.83
4.11
6.46
5.84
3.28
2.25
3.32
3.29
Sampling conditions used an initial salicylic acid volume of 5 mL at pH = 4.6.
Samples and blanks were run in parallel for 35 min and analysed within every 4 min.
Values given are the mean of two analyses. Local time is the middle of the sampling
period.
produced during handling or analysis. Air bubbled through phosphate buffer and
KI alone showed no 2,5-DHBA, ruling out the possibility that a fluorescent species
with a similar retention time to 2,5-DHBA was interfering. In addition, when KI
was added in quantities sufficient to remove any interference from ozone, the
interference persisted, indicating that the observed interference was not due to
ozone.
The magnitude of the OH signals obtained during this field study were similar
to those reported by Chen (1995) and Ren et at. (2002). Neither of these studies,
however, determined a blank signal. The interference correction used by Chen
(1995) was the signal produced in a second sampler in series, which will only show
the magnitude of interferences from species that have survived the first sampler and
therefore does not give an accurate measure of the interference produced in the first
bubbler by radicals such as CHJOz. Both Chen and Mopper (2000) and Ren et al.
(2002) reported OH concentrations higher than expected and attributed this to the
presence of high levels of pollutants. The data obtained during SONTAS and in our
laboratory suggests that these signals are due to factors other than OH oxidising
salicylic acid.
4. Conclusion
A simple, portable, and affordable method for the measurement of hydroxyl was ex-
amined. The analytical technique had a detection limit below 5 femtomoles (50 pM)
towards 2,5-DHBA and was about 15 times less sensitive towards 2,3-DHBA. The
yield of 2,5-DHBA was found to be strongly dependent on pH, reaching maximum
values around 30% above pH 4.5. The yield of 2,3-DHBA was relatively indepen-
dent of pH with a maximum around 50% at pH 2.5. These results are in agreement
with Lang etal. (1996) andJen et al. (1998) but not those presented by Chen (1995)
and Chen and Mopper (2000), which report a maximum 2,5-DHBA yield around
100% at pH 7.
Using the optimum condition in each case, detection limits for 2,3- DHBA and
2,5-DHBA of 8 x 106 and 9 x 105 OH cm-3, respectively, were obtained. 2,5-
DHBA was therefore the only product detectable with sufficient sensitivity for
measurement of typical daytime OH concentrations.
We have shown that salicylic acid is readily oxidised by various processes to
produce 2,5-DHBA. These processes were found to involve light, metals, bacteria,
hydrogen peroxide, alkylperoxy radicals and ozone. The majority of these interfer-
ences were suppressed, but a complex system of poorly understood aqueous phase
radical chemistry still occurs in the reaction solution. Discovery of the reaction
between CH302 radicals and salicylic acid is of major concern since ambient con-
centrations of CH30 2 are large enough to cause an interference at least as large as
the signal expected from OH. In addition, the interference by larger peroxy radi-
cals, degradation of reservoir species such as PAN in the solution, surface reactions
occurring at the interface of the scrubbing solution and air sample or catalytic ac-
tivity by metals present in small aerosols are all unquantified. Each of these could
aid in the oxidation of salicylic acid to 2,5-DHBA and therefore interfere with this
technique. The extremely low concentrations of hydroxyl radicals in the air, high
sensitivity required by the method and complexity of the chemical systems both
in the atmosphere and in solution mean that 2,5-DHBA production from salicylic
acid oxidation is not sufficiently selective for quantification of ambient hydroxyl
radicals. It is however conceivable that, should an advance occur that allows for
sufficiently sensitive measurement of the 2,3-DHBA isomer, an atmospheric OH
measurement method based on this approach may one day be developed.
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